SUMMARY In patients with subarachnoid hemorrhage, particularly hemorrhage due to aneurysmal rupture, there was a positive significant relation between angiographic vessel constriction and vessel pathology (angiopathy). Furthermore, there was a positive relationship between post-hemorrhage survival time and the severity of angiopathy. Factors such as age, sex, operations, steroid and CSF pressure seemed to have little affect on angiopathy following hemorrhage. Pathological changes were primarily limited to the involved major cerebral vessels themselves, with their branches rarely being affected. While intramural vascular hemorrhage was a common pathological feature in vessels showing severe pathology, the mere presence of blood surrounding an artery seemed to have little influence on vessel alterations.
ANGIOGRAPHIC ARTERIAL LUMINAL NAR-ROWING, a common complication of aneurysmal subarachnoid hemorrhage, most frequently has been attributed to vasospasm, implying that an abnormal muscular contraction has taken place in the cerebral vessel. [1] [2] [3] Although vessel constriction has been observed immediately after hemorrhage, a second phase apparently begins after a few hours and persists for days or weeks. The delayed or persistent phase seems to be associated with the high morbidity. [3] [4] [5] [6] [7] Little emphasis has been given to structural alterations in the cerebral arteries, perhaps because the time course over which these changes have been observed has not appeared consistent with the radiographic appearance of constriction. Pathological alterations are generally believed to appear weeks following aneurysm rupture and the magnitude of damage has not been regarded sufficient nor its appearance early enough to explain the reduced luminal diameter seen angiographically. 5 8 Recently, morphological alterations, similar to those observed after subarachnoid hemorrhage in man were produced by arterial rupture in the primate. 9 ' 10 Within 3 days of subarachnoid hemorrhage (SAH), changes in the intimal and medial layer were apparent and constriction in the vessel, due to loss of compliance, was seen several days before morphological changes became florid, in the second week following subarachnoid hemorrhage. 9 -Since many patients linger in a vegetative state as a result of cerebral infarction, there has been little opportunity to examine the vessels early in the course of subarachnoid hemorrhage and to correlate these with premortem angiography. In Conway's series of 12 patients, in only one instance had angiography been carried out and pathological examination conducted within one week of hemorrhage. 5 Premortem arterial narrowing was observed. Mizukami's series also includes one examination eight days after hemorrhage in which angiography demonstrated constriction and early morphological findings were present." In Crompton's series, 37% of all patients with cerebral infarction showed arterial constriction on the angiogram but neither temporal nor anatomical correlations were made. 4 Since most histological studies have not concentrated on these earlier subtle changes, we have reviewed our own recent series with the objective of making anatomical-angiographic correlates. Denoting factors bearing upon the development of the angiopathy was a further goal of this project.
Materials and Methods
The seventy-seven patients with fatal subarachnoid hemorrhage (SAH) studied at University of Mississippi Medical Center over the past 15 years were reviewed in a retrospective post-mortem study; both angiograms and tissue slides were available in 38 (50%). In others, tissues were available but angiographic data was lacking. Of the 38 patients with SAH having both angiography and tissue slides, 28 of them had evidence of the rupture of a cerebral aneurysm. While all 38 cases were analyzed as a group, the 28 due to aneurysmal rupture were viewed separately since they repre-
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sented a single entity for the purposes of discussion.
In the recent patients for whom films were available, they were reviewed; the radiographic reports of all patients who died prior to 1973 were employed to determine the presence or absence of vasospasm. The charts were also reviewed and all medications that the patient had received prior to the hemorrhage and during hospitalization were noted. Age, sex, operative reports, and post hemorrhage survival time were reviewed to evaluate the possible bearing of these factors on the development of angiopathy. Available tissue slides of the brain and its vessels were reviewed and morphological changes graded. Since the observed morphological alterations were progressive temporally, a method of grading these changes for angiographic comparisons became necessary. The earliest changes, Grade I, consisted of swelling and thickening of the intimal layer of the vessel only, with platelets and leukocytic type cells sometimes adherent to the endothelial lining. There was no involvement of other layers of the vessel or the internal elastic membrane. Grade II arteriopathy consisted primarily of subintimal cellular proliferation which occluded one-fourth or less of the luminal opening of the vessel. Intramural vessel hemorrhage sometimes accompanied proliferation. In Grade II, the internal elastic membrane and medial smooth muscle layer rarely showed alterations; when they did occur, they were focal in nature. Grade III, representing the most severe vessel changes, consisted of a combination of severe subintimal cellular proliferation, rupture and splitting of the internal elastic membrane, and intramural hemorrhage with fibrosis and necrosis (myonecrosis) of the medial layer of the vessel. In Grade III, subintimal proliferation represent from one-fourth to total occlusion of the vessel's lumen.
Results
In the 77 cases reviewed, aneurysm rupture of a major cerebral artery was the most common (45%) among the five major causes of SAH (table 1). The category "others" accounted for 25%, and represents patients with hemorrhage from hypertension, tumors, other vascular malformations, and, rarely, traumatic causes.
Pathological changes and angiographic vessel constriction occurred together in 18 (47%) of the 38 SAH patients; 8 showed angiopathy but no apparent arterial There is a significantly greater frequency of patients with the combination of angiopathy and vessel constriction than with angiopathy alone (p < 0.05); the combination of angiopathy and vessel constriction occurred more frequently than constriction without angiopathy (p < 0.01). Twenty-six patients in our sample of 38 had demonstrable vessel pathology, and 18, or 70%, also had vessel constriction. Conversely, of the 21 patients in the sample who had angiographic vessel constriction, 18, or 86%, also had vessel pathology. The angiographic studies were done within the first week of onset in six of the patients, with non-correlative angiography. This short time interval is the least likely in which constriction following aneurysm rupture would be anticipated.
This pattern of occurrence held true when the case sample was restricted to only those 28 patients having SAH as a result of cerebral aneurysm rupture (table 3) . Angiopathy and vessel constriction occurred together more frequently than would be expected by chance whether comparing this group (angiopathy and constriction) with patients having angiopathy alone (p < 0.01) or having constriction alone (p < 0.01). Eighteen of 28 had both (64%). Eighteen, or 75% of the patients in the restricted sample of^24 patients with vessel pathology had vessel constriction. Twenty patients in this sample had angiographic vessel constriction; of these 20, 18, or 90%, also had vessel pathology.
As can be seen in table 4, factors such as age, sex, previous operations, steroids, antifibrinolytic agents and CSF pressure levels appeared to be essentially evenly distributed between patients with or without vessel pathology following rupture of a cerebral aneurysm. An exception may be the effect of reserpine treatment on the occurrence of pathology, although the small number of cases permits no statistical analysis. Of the six patients receiving reserpine at the time of aneurysm rupture, five showed no angiopathy while one snowed Grade II pathology.
As demonstrated in table 2, 26 of 38 cases with SAH showed angiopathy. In these 26 cases there appeared to be a close relationship between the severity of morphological changes and the length of post-SAH survival time. Thus Grade I pathology_(the least severe), appeared in patients surviving X 3.5 days (range 1-9 days), Grade II at X 9.25 days (range 4-28 days), while Grade III pathology (the most severe) appeared at X 24.2 days (range 16-40 days).
Of all pathological changes observed, subintimal cellular proliferation was the most obvious, and was made up predominantly by the interposition of smooth muscle cells and fibroblasts between the internal elastic membrane and endothelial layer. Pathological changes were primarily limited to the involved major cerebral vessels themselves, with their branches rarely being affected. When damage did project beyond the major vessel (the vessel on which the ruptured aneurysm was located), it seldom extended beyond a primary branch, leaving secondary and/or tertiary branches unaffected. While intramural vascular hemorrhage (hemorrhage into the vessel wall) was a common pathological feature in vessels showing severe subintimal proliferation, the mere presence of blood surrounding an artery (extramural hemorrhage) seemed to have little or no influence on vessel pathology.
The following two cases were selected as specific examples of the positive correlation between vasospasm and vessel pathology. The first case represents a one week post-hemorrhagic survival time, while the second case presents a one month post-hemorrhagic survival time. These two cases also illustrate the differences between early and late pathological changes occurring in cerebral vessels following SAH.
Case #1
A 42 year-old black female was admitted to the University Hospital on 17 October, 1976, with sudden headache on the day of admission. She was alert, had nuchal rigidity, but no focal neurological findings were present. An angiogram done two days following admission ( fig. 1) , showed an aneurysm of the left internal carotid artery with little reactive vasospasm. Over the next two days she became progressively lethargic and developed dysphasia with right hemiparesis. A repeat angiogram on 22 October, 1976 ( fig. 2) , showed a marked narrowing of the proximal anterior cerebral, middle cerebral and internal carotid artery adjacent to the aneurysm. On 24 October, 1976, one week following the original subarachnoid hemorrhage, she became more deeply comatose, developed dilated fixed pupils, and finally, respiratory arrest.
Gross examination of the brain showed diffuse subarachnoid hemorrhage with edema and softening in the left hemisphere. The most involved vessel, the left middle cerebral artery showed a large focal area of subendothelial cellular proliferation ( fig. 3) . The internal elastic membrane in the region of cellular proliferation was disintegrated and interrupted. Other areas of the vessel did not appear to be involved. This vessel was classified as having Grade II pathology. A branch of the left middle cerebral artery showed severe subendothelial proliferation which extended around the entire circumference of the vessel's lumen ( fig. 3) . Such cellular proliferation occluded as much as one-half of the vessel's lumen. The medial layer of the smaller cerebral vessel was shrunken and mildly fibrosed in one area, and serves as an example of Grade III pathology, but the pathological involvement of this smaller cerebral artery, particularly to the degree that was present, was the exception rather than the rule in this study.
Case #2
A 52 year-old white male was admitted to the University Hospital complaining of severe headache beginning on the previous day. A diagnosis of subarachnoid hemorrhage was confirmed by lumbar puncture. Nevertheless he was alert and oriented upon admission. On the day following, an angiogram was performed which showed an aneurysm of the left middle cerebral artery (fig. 4) . In approximately two weeks, he became hemiparetic on the right side with aphasia. Repeat angiography showed marked narrowing of the internal carotid artery and of the middle cerebral artery and its branches ( fig. 5) . One week later, angiography revealed the constriction to be unchanged, although the patient's clinical course had further deteriorated. He died within one month of the subarachnoid hemorrhage and one week following the last angiogram. Gross examination of the brain showed diffuse sub- arachnoid hemorrhage. The middle cerebral artery showed severe subendothelial proliferation, with splitting and disruption of the internal elastic membrane (fig. 6 ). The vessel also showed focal regions of intramural hemorrhage, along with shrinkage and necrosis of the medial smooth muscle layer ( fig. 6 ). Vessel alterations of this type were classified as Grade III. Smaller branches of the major cerebral artery, although surrounded by blood, exhibited no pathology ( fig. 6 ).
Discussion
The process that leads to structural changes in the cerebral arteries following subarachnoid hemorrhage is not known. According to Alksne's suggestion, intensive vasospastic constriction related to blood or catecholamines damages the medial and intimal layers and leads to angiopathy. 11 Recent studies, however, have consistently failed to show any morphological changes observable with the light microscope after cisternal injection or direct application of blood to the external surface of the cerebral vessel.
9 -I0 -l4 -l5 In studies where vessel pathology has been reported following SAH using the cisternal injection method or direct application of blood, alterations were observed only at the ultrastructural level, 14, ' 6 -l7 and vessels were indistinguishable from normal ones under the light microscope.
14 -I6 In the cases reported here, the amount of blood in the subarachnoid space correlates poorly with morphological alterations observed after aneurysm rupture. Examples were cited in which vessels were lying adjacent in the same pool of blood, one showing marked morphological changes and the other relatively spared. Crompton's hypothesis that stasis of blood flow leads to necrosis in the wall of the vessel has not been substantiated. 4 Although the vessels most commonly showing medial necrosis, also show angiographic constriction, the sequence has not been established. Since angiographic constriction was a relatively late finding in a number of our cases undergoing serial angiography, it is possible that the morphological changes preceded the angiographic findings.
The question as to whether the medial necrosis is in some way related to that observed in heart muscle after subarachnoid hemorrhage deserves consideration.
I9
Both cardiac necrosis and intramyocardial hemorrhage have been produced in laboratory animals subjected to experimental subarachnoid hemorrhage. 18 -19 Pretreatment with reserpine virtually assures prevention of these findings. 18 " However, the necrosis observed in heart muscle is of a focal type, while in subarachnoid hemorrhage, the angiopathy is more widespread and uniform, arguing against the possibility of vessel damage resulting from sympathetic overactivity following SAH.
Intimal proliferation, largely without medial necrosis, is undoubtedly a feature of vascular injury whether it is produced by heating, freezing, puncture, balloon catheters, or isolation of the vessel between two ligatures. 20~22 Comparisons between these pathological features and those associated with subarachnoid hemorrhage are inescapable. However, the extent of alterations, proximal and distal to the site of aneurysm rupture, may serve to differentiate the pathology of the directly traumatized vessel from the constrictive angiopathy of subarachnoid hemorrhage. Since hemosiderin pigment, presumably resulting from intramural hemorrhage, was a feature of those vessels showing maximum morphological changes, this feature of vessel injury could not be ignored. Vessel rupture within a closed space probably would be more likely to lead to diffuse dissection of blood between the layers of the cerebral vessel.
This study shows a clear correlation between angiographic and morphological constriction. In fact, if histological changes were present, there was a virtual certainty that angiographic constriction was also present, providing the angiogram had been done one week or more after the initial subarachnoid hemorrhage. In a few instances when angiography was performed within the first few hours and death occurred much later, positive correlation could not be made. Presumably, the time interval was not sufficient for the development of histological changes. This study amplified a number of features seen on the angiogram which could have led to the diagnosis of constrictive angiopathy rather than "vasospasm." Constriction seen after the second week was almost always related to morphological thickening of the arterial wall and medial necrosis. The constriction was both focal and diffuse but was more pronounced in the vessels on which the aneurysm was based. Diffuse rather than focal constriction seemed to be more frequently associated with severe vessel pathology.
Considering the histological features, there seemed to be little correlation with the amount of blood in the subarachnoid space, age, sex, whether or not an operation was performed, or whether intracranial hypertension was present or not. Steroids and antifibrinolytic agents caused no marked differences in this small series. Angiopathy was present in both the treated and the untreated groups. Six patients in this study were receiving reserpine prior to their subarachnoid hemorrhage. The fact that five of these showed no morphological changes raises the question as to whether sympathetic catecholamine overactivity" or serotonin release could have had some effect. 23 Reserpine is known to prevent the storage of both substances in platelets [24] [25] [26] [27] and to influence their storage and release in adrenergic nerve fibers. 28 
